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ABSTRACT 
 
Thiaminase I is a vitamin degrading enzyme produced by microorganisms and often 
found in certain metazoan animals that can cause thiamine deficiency in natural 
ecosystems. The physiological function of this enzyme is still unknown. We adapted a 
photometric assay for thiaminase I that measures the rate of disappearance of a colored co‐
substrate for use with a high throughput plate reader.  Using this assay, we characterized 
the conditions that promote thiaminase I production in some thiaminase I producing 
microorganisms and gained evidence for and against hypotheses for various physiological 
functions. We also conducted surveys of diverse metazoan organisms known and not 
previously recognized to have thiaminase I activity and found thiaminase activity in 
organisms not previously known to have thiaminase activity.  Research on the expression 
of thiaminase I has possible implications for cancer research and correction of mortality 
due to thiaminase‐induced thiamine deficiency syndromes.  
 
INTRODUCTION 
 
My research focuses on the source, distribution, expression and physiological 
function of the vitamin‐degrading enzyme thiaminase I, central to many syndromes of 
thiamine deficiency occurring in nature.   Thiaminase I, which I call simply thiaminase for 
clarity (except when talking about thiaminase II), degrades thiamine into its two 
component parts, an intact thiazole ring and a pyridine ring that becomes covalently 
bonded to a basic nucleophile (Figure 1).  Thiamine is essential for all  
 
 
 
 
 
 
 
 
 
 
 
living organisms and is a required cofactor for transketolase, pyruvate dehydrogenase, and 
2‐oxoglutarate‐dehydrogenase, important enzymes in cellular respiration. Vitamin B1, or 
thiamine, is also important for other metabolic processes including the biosynthesis of 
amino acids (1). Many bacteria, fungi, and plants, are capable of synthesizing thiamine, and 
the biosynthetic enzymes controlling this pathway in each of these groups is regulated by a 
recently discovered thiamine binding mRNA riboswitch that allows translation of the 
enzymes only when thiamine concentrations are low (2, 3). In metazoan animals, thiamine 
must be obtained through the diet and a deficiency of the vitamin leads to various 
neurological and cardiovascular symptoms and eventually death (4, 5).  Due to its necessity 
and importance in rapidly growing cells, enzymes controlling the synthesis of thiamine are 
being explored as targets for antimicrobial compounds, and thiamine deprivation by 
targeted application of thiaminase has recently been used as a successful strategy for 
Figure 1. Thiamine (1) is cleaved by thiaminase I and a basic nucleophile (Nu
‐) into its 
pyridine moiety (2) and its thiazole moiety (3). 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killing cancer cells (6, 7, 8). The cleavage of thiamine by thiaminase renders external 
thiamine into molecules that are difficult to use or unusable by most organisms and raises 
the question: why would an organism have an enzyme that degrades a vitamin essential to 
the organism’s own survival? 
  Thiaminase activity is associated with a variety of metazoan animals but has only 
been conclusively demonstrated to be produced by microorganisms. The first known 
thiaminase‐producing bacterium was isolated from the feces of a thiamine‐deficient patient 
in Japan during a decade of investigations regarding thiamine deficiency in that country 
(9). This bacterium, now known as Paenibacillus thiaminolyticus, was found to secrete 
thiaminase (10). Research on this bacterium found that it is capable of growing without 
thiamine, but its growth was enhanced by adding thiamine to the culture medium (11). 
Addition of the two cloven moieties of thiamine completely substituted the growth 
requirement for thiamine, and addition of thiazole alone (the moiety of a thiaminase 
reaction unadulterated by the addition of a base) was sufficient to increase growth to about 
50% of the maximum level when abundant thiamine was present. Counterintuitively, the 
addition of the thiaminase substrate, thiamine, to the medium was found to inhibit the 
production of thiaminase (11, 12).  Further research into thiaminase‐producing bacteria 
later uncovered thiaminase secretion in certain strains of Clostridium botulinum and 
Clostridium sporogenes (13). 
  Japanese investigations of thiamine deficiency also found another bacterially 
produced type of thiaminase, which degrades thiamine using water as a nucleophile 
instead of a base (9).  This enzyme ‐‐ referred to as “thiaminase II” ‐‐ is widely distributed 
among bacteria but unlike thiaminase I this enzyme is not an exoenzyme. More recently, 
this enzyme has been referred to as TenA (transcriptional enhancer A) after being matched 
to the gene sequence of a protein that stimulates the transcription of degradative enzymes 
in Bacillus subtilis (14).  Further inquiries into the function of this enzyme determined that, 
in nature, the substrates for TenA are base‐degraded forms of thiamine, which are salvaged 
by the enzyme for reuse in thiamine synthesis (15). Although this enzyme has not been 
implicated in any thiamine deficiency, the elucidation of its physiological role in nature has 
helped to inform research into the function of thiaminase I.     
Besides bacteria, certain species of plants, insects, crustaceans, mollusks, and fish 
also exhibit thiaminase I activity (9). In many cases, sustained ingestion of these organisms 
leads to a devastating systemic illness due to thiamine deficiency. The first recorded case 
was reported from a fox farm in Minnesota where raw fish was used as feed (16). The 
disease was named Chastek paralysis after the owner of the fox farm and was characterized 
by a spastic paralysis that resulted in death one to four days after onset. The symptoms 
were alleviated almost immediately by injection of thiamine, and subsequent work found 
that a heat‐labile anti‐thiamine factor was present in fish fed to the afflicted foxes. The 
problem was easily fixed by supplementing the diet with thiamine or cooking the fish.  
A thiamine deficiency disease of greater concern is called Early Mortality Syndrome 
or EMS and has been observed in predatory salmonine fish in the Great Lakes and Baltic 
Sea (17). This disease causes newly hatched fish to die almost immediately from a lack of 
thiamine reserves. The large‐scale and ongoing mortality of salmonine fish due to EMS has 
been correlated to high levels of thiaminase present in the forage‐feeding prey (alewives in 
the Great Lakes and Baltic herring in the Baltic Sea) of the affected salmonine predators.  
Recently, another piscivorous predator was also shown to suffer from a thiaminase induced   4 
thiamine deficiency in the wild. Alligator mortality in Lake Griffin, Florida was tied to an 
increase in the population of gizzard shad, an abundant forage fish adapted to eutrophic 
environments and high in thiaminase activity (18). Gizzard shad are in the same family 
(Clupeidae) as alewife and Baltic herring. 
Thiamine deficiency, or beriberi, due to thiaminase can also affect humans with 
diets biased towards a food source abundant in thiaminase I.  A seasonal neurological 
disorder in people from Nigeria was determined to be a thiamine deficiency from eating 
uncooked silkworm pupae high in thiaminase (19).  Additionally, the first European 
explorers to cross Australia from south to north, Burke and Wills, were victims of a diet‐
related thiamin deficiency (20).  Running out of food on their return trip, the explorers 
resorted to eating an aquatic fern, nardoo, which they observed native Aborigines eating.  
Unknown to them, the fern was typically prepared in a specific way that leached away 
thiaminase I. A few days before succumbing to beriberi Wills remarked “starvation on 
nardu (sic) is by no means very unpleasant, but for the weakness one feels and the utter 
inability to move oneself, for as far as appetite is concerned, it gives me the greatest 
satisfaction”. 
  Thiaminase induced thiamine deficiency is also a concern among veterinarians and 
farm owners where it manifests as disease called cerebrocortical necrosis affecting 
ruminants (21).  Bracken fern, a cosmopolitan species high in thiaminase, is sometimes 
ingested by ruminants in pasture and is often the cause of the disorder. The disease, which 
is characterized by the sudden onset of convulsions and neck twisting, is usually cured 
rapidly by an injection of thiamine. Interestingly, the disease is not always caused by 
ingestion of thiaminase in ferns but rather the proliferation of thiaminase I‐producing 
bacteria in the rumen (22).  
  Thiaminase‐induced thiamine deficiencies due to ingestion of metazoan organisms 
is an important issue, but the source of the enzyme has not been unequivocally determined.  
In some cases, it seems likely that the enzyme is bacterially produced. Thiaminase 
producing bacteria have been isolated from the gut of alewives and from the intestinal tract 
of a thiaminase positive shellfish (23, 24).  Fish are unique among vertebrates in being able 
to adsorb intact proteins from their gut and these proteins localize to the same organs 
typically found to be high in thiaminase activity (25).  The de novo production of a toxic 
vitamin‐degrading enzyme seems unlikely to evolve as a chemical defense because the only 
apparent advantage to a thiaminase positive organism (e.g. a fish) which is unable to 
synthesize its own thiamine is the death of a predator’s offspring after predation of many 
fish over a relatively long period.  Furthermore the distribution of the enzyme is highly 
disjunct among metazoan animals.  Finally, some thiaminase positive organisms like the 
domestic silkworm, Bombyx mori, have had their genomes sequenced and the proteins 
encoded show no similarity to any known thiaminase enzyme. Overall, the most 
parsimonious explanation points to a bacterial origin of thiaminase. 
The main questions underlying my research include the physiological purpose of 
thiaminase I, whether the enzyme is produced endogenously in metazoan organisms or 
produced by bacterial symbionts, and identifying conditions that repress thiaminase 
expression. Finding answers to these questions are a step towards resolving causes of 
thiaminase I‐caused thiamine deficiency in nature.  Using a colorimetric thiaminase assay 
that we have recently streamlined into a high throughput microtiter plate‐reader format, 
numerous investigations of thiaminase sources and regulators of thiaminase activity have   5 
been pursued during the course of my honors thesis.  We have three working hypotheses 
regarding the function of thiaminase that are not necessarily mutually exclusive, all of 
which have been tested in some fashion through culture experiments:  
Hypothesis 1. Thiaminase is an exoenzyme produced to decrease external thiamine 
resources and hence decrease the fitness of competing bacteria relative to the producer. 
This hypothesis was informed in part by Douthit and Airth (1965) (11), which suggested 
that P. thiaminolyticus has adapted to be able to salvage the cleavage products of 
thiaminase to accelerate its own growth. This could also explain why this bacterium seems 
itself unaffected by external thiamine destruction;  
Hypothesis 2. Thiaminase is produced as a mild pathogenicity factor in several pathogenic 
organisms, specifically B. pseudomallei (causal agent of melioidosis, an endemic Asian 
disease), C. botulinum (causal agent of botulism), close relatives of P. thiaminolyticus that 
are insect pathogens, and the close relative of Naegleria gruberi, N. fulleri, which is a brain‐
degrading parasite;  
Hypothesis 3. Thiaminase I is involved in thiamine salvage in a similar manner to 
thiaminase II.  
We have attempted to evaluate a bacterial origin of thiaminase in animals through 
isolation of thiaminase‐producing bacteria from a thiaminase‐positive species, dissections 
of organs from thiaminase positive species to evaluate localization of thiaminase I, and 
surveys of various organisms both known and unknown to be positive for thiaminase with 
modern techniques. Lastly, we have conducted culture experiments to characterize the 
production of thiaminase in various thiaminase‐producing bacteria and test for conditions 
that alter its expression in an attempt to understand factors that enhance expression in 
metazoan animals, which may aid in managing thiamine deficiencies in nature. 
 
METHODS 
 
sequence tree. Protein sequences were batch downloaded from the National Center for 
Biological Information (NCBI) and aligned with Multiple Alignment using Fast Fourier 
Transform (MAFFT). A consensus phylogenetic tree was constructed using a parsimony 
analysis in PAUP* v. 4.0a122. Naegleria gruberi was selected as the outgroup. 
 
Bacterial cultures and growth conditions.  Strains used in this study are shown in Table 
1.  
 
TABLE 1. Strains used in this study 
Isolate  Source 
Bacillus subtilis PY79  Angert Lab collection 
Burkholderia thailandensis 700388  ATCC 
Clostridium sporogenes ATCC 15579  ATCC 
Paenibacillus alvei B‐383  USDA NRRL collection 
Paenibacillus apiarius B‐23460  USDA NRRL collection 
Paenibacillus lentimorbus B‐2522  USDA NRRL collection   6 
Paenibacillus thiaminolyticus 8103  Dale Honeyfield, USGS  
Naegleria gruberi NEG‐M  ATCC 
 
Culture conditions. Unless otherwise noted all bacteria were grown in Trypticase Soy 
Broth (TSB, Difco) or Trypticase Soy Agar (TSA) plates.  Bacteria were grown aerobically, 
with shaking, except Clostridium sporogenes, which was grown anaerobically. Bacteria were 
grown routinely at 37˚C except Burkholderia thailandensis, which was grown at 30˚C or 
23˚C.  For bacterial cultures grown for thiaminase testing, 5 ml of medium was inoculated 
with 100 µL of a one‐day‐old culture grown at 37˚C that had been inoculated from a frozen 
glycerol stock. Most cultures were grown for three days. To adjust pH, components of the 
medium were dissolved in an appropriate buffer or distilled water (sodium citrate for pHs 
below 6, sodium bicarbonate for pHs above 8, and distilled water for pHs in between) 
adjusted to the target pH.  Once dissolved, the pH was fine tuned with addition of 
concentrated HCl or 10N NaOH. Thiamine additions were made to media, after autoclaving 
and cooling, by the addition of filter sterilized thiamine solutions. Optical density (OD) 
readings were taken at 600 nm using a Powerwave XS2 platereader (BioTek), by pipetting 
100 µl of culture into a flat bottom plate. Naegleria gruberi was grown in the ATCC medium 
803 M7 at room temperature. 
 
Overlay assay for thiaminase I. An overlay plate assay for thiaminase I was performed as 
in Abe et al. 1986 (26).  Briefly, strains were spot inoculated on TSA plates and allowed to 
grow for 3 days. A mixture of a solution of 1% agar with 0.5 mg/ml thiamine, 0.5 mg/ml 
pyridoxine as a substituting base, and 25 mM sodium phosphate pH 6.5 was heated to a 
liquid state and 8 ml of this solution was transferred to the surface of the plate, covering all 
of the colonies.  After the agar overlay solidified, the plate was incubated for 1 hour at 37˚C. 
Next, 16 ml of freshly prepared diazo‐reagent was transferred to each plate and allowed to 
incubate at room temperature for 5‐10 minutes before decanting. The diazo‐reagent was 
prepared as follows. 0.8 ml of a solution of 0.6 gm p‐aminoacetophenone was dissolved in 9 
ml concentrated HCl (11.6 N) and then diluted to 100 ml with distilled water. This solution 
was added to 0.2 ml of a solution of 23% (w/v) sodium nitrite (stored in a brown bottle), 
10 ml of distilled water, and 6 ml of a buffer composed of 20 gm sodium hydroxide and 28 
gm sodium bicarbonate dissolved in 350 ml.  
 
Screening of relatives of Paenibacillus thiaminolyticus for thiaminase activity. Strains 
obtained from the USDA NRRL culture collection were grown in JB medium (5.0 gm 
tryptone, 15.0 gm yeast extract, 3.0 gm dipotassium phosphate, 2.0 gm glucose to 1.0 L of 
distilled water). DNA was isolated using a PureLink™ Genomic DNA Mini kit (Invitrogen) 
and 16S rRNA gene sequencing was performed to confirm the identity of all strains. 
Paenibacillus dendritiformis, P. vortex, three strains of P. popilliae, and P. larvae were 
excluded after 16S rRNA sequence of isolates was found to differ from the expected strain. 
All three remaining strains (P. apiarius, P. lentimorbus, P. alvei) were grown in TSB at 37˚C 
in triplicate with samples for thiaminase readings and OD readings taken every day for 
three days.  An additional experiment with P. alvei and P. lentimorbus was conducted in JB 
media shaken at 30˚C with samples taken every day over three days. 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Thiaminase assay for Naegleria gruberi. Cultures were pelleted at 600 x g for 5 minutes 
and supernatant was removed. Lysate was prepared by freezing and thawing the cells in 
the remaining residual supernatant 3 times. This lysate was then centrifuged at 16,100 x g 
for five minutes and a sample of this supernatant was used for the 4‐NTP assay discussed 
later.  
 
Proteinase K digestion. Supernatant samples of one‐day‐old cultures of P. thiaminolyticus 
and B. thailandensis were incubated with 100 µg/ml of proteinase K and 1.5 mmol/L of 
calcium chloride for one hour at 37˚C (27). If the sample was at a sub‐optimum pH for 
proteinase K activity, it was first adjusted to pH 7.5 or higher with 10 N NaOH. A positive 
control of supernatant, with the same volume of water added as proteinase K solution, was 
also incubated and pH adjusted. Phenylmethylsufonyl fluoride (PMSF) was added to a 
concentration of 1 mM to halt proteinase activity in both the control and experimental 
sample.  A protein gel was run to look for degradation as according to the protocol in the 
2nd edition of Molecular Cloning by Sambrook and Russell (28).  
 
Testing thiaminase as growth deterrent for competing bacteria. P. thiaminolyticus and 
B. subtilis were grown at 37˚C in 5 ml TSB for three days.  Cells were removed by 
centrifugation and the supernatant collected. 2.5 ml of the supernatant from each culture 
was then mixed with 2.5 ml of fresh TSB. 100 µL of a one‐day‐old B. subtilis culture was 
then used as an inoculant for the cultures composed of half fresh media and half culture 
supernatant. Optical density was measured initially, again three hours later, and after a day 
of growth for each culture.  
 
Alewife bacterial isolation. Dissection and plating were performed at the USGS Lake 
Ontario Biological Station, Oswego, NY field station with four freshly caught alewives 
provided by station scientist Brian Weidel. Whole gastrointestinal (GI) tracts from two 
alewives and gut contents from two alewives were individually suspended in 4 times 
Phosphate Buffered Saline (weight‐to‐volume). Whole GI tracts were homogenized with a 
Tissuemiser (Fisher Scientific) while gut contents were vortexed to homogenize the 
solution. Dilutions of each fish sample were made from 10‐1 to 10‐5 and 100 µL of each 
dilution from each fish was spread with a glass hockey stick onto each of four media types 
(Reinforced Clostridial Agar [RCA], 1% RCA, Nutrient Agar + Yeast Extract, TSA). Plating of 
GI tract contents for growth under anaerobic conditions was conducted in the same 
manner with samples of the four fish in two media types (1% RCA, TSA) followed by 
immediate loading into an anaerobic glass sleeve with gas packs. Anaerobic plates were put 
into an anaerobic chamber after returning to Cornell University and grown there with all 
subsequent manipulations performed within. Aerobic plates were incubated at 30˚C and 
anaerobic plates were incubated at room temperature. Distinct colonies were picked from 
plates that were not overrun with bacterial growth and spot inoculated with toothpicks 
onto another plate of the same media type using a grid of 96 spots per plate. After these 
colonies had grown, they were inoculated into the same liquid media, allowed to grow for 1 
day, and then made into glycerol stocks on 96 well plates. The overlay assay for thiaminase 
was then conducted on all gridded plates and original isolation plates with distinguishable 
colonies to identify thiamine destruction due to thiaminase I. 16S rRNA gene PCR was 
performed on a single thiaminase positive isolate.    8 
 
Collection of additional samples for thiaminase testing. Specimens used in this study 
are listed in Table 2.  All plant, animal or soil samples were stored at ‐80°C prior to 
processing. Dissections, if performed, were performed on a dissecting tray with scalpel, 
forceps, and scissors.  
 
TABLE 2.  Samples used in this study     
Organism  Source  Collection 
Date 
American shad (Alosa sapidissima)  Potomac River  Early 5/2011 
Hickory shad (Alosa mediocris)  Susquehanna River  4/21/2011 
Rainbow smelt (Osmerus mordax)  Little Moose Lake   5/17/2011 
Alewife (Alosa pseudoharengus)  Lake Ontario  7/13/2010 
Guppy (Poecilia reticulata)  Pampered Pets, Ithaca NY  12/18/2011 
Goldfish (Carassius auratus)  Pampered Pets, Ithaca NY  10/23/2011 
Zebrafish (Danio rerio)  Pampered Pets, Ithaca NY  12/18/2011 
Blacknose dace (Rinicthys atratulus), 
Central stone roller (Campostoma 
anomalum), Common shiner (Luxilus 
cornutus), Creek chub (Semotilus 
atromaculatus), Cutlips minnow 
(Exoglossum maxilingua), Fallfish 
(Semotilus corporalis), Fantail darter 
(Etheostoma flabellare), Longnose dace 
(Rinicthys cataractae), Tesselated 
darter (Etheostoma olmstedi), White 
sucker (Catostomus commersonii) 
Fall Creek  11/14/2011 
Reared Pacific Herring (Clupea pallasii)  Lucas Hart (Marrowstone Lab 
at Washington State) 
4/11/2011‐
7/6/2011 
Herring cell culture (Clupea pallasii)   Jon Richard, Fisheries & 
Oceans Canada, Pacific 
Biological Station 
2/10/2011 
Zooplankton  Cayuga Lake 
by Nelson Hairston 
7/7/2011 
Zebra mussel (Dreissena polymorpha)  Near Lansing Station Rd. 
North of Ithaca, NY.  
7/4/2011 
Bracken fern (Pteridium aquilinum)  Tubbs Hill Rd. Berkshire, NY 
42.346 ˚N 76.162˚W  
6/22/2011 
Christmas fern (Polystichum 
acrostichoides) 
Tubbs Hill Rd. Berkshire, NY 
42.346 ˚N 76.162˚W 
6/16/2011, 
6/29/2011 
Interrupted fern (Osmunda 
claytoniana), Sensitive fern (Onoclea 
sensibilis), Hay‐scented fern 
(Dennstaedtia punctilobula) 
Tubbs Hill Rd. Berkshire, NY 
42.346 ˚N 76.162˚W 
6/15/2011 
Cinnamon fern (Osmundastrum  Tubbs Hill Rd. Berkshire, NY  6/16/2011   9 
cinnamomeum), Lady fern (Athyrium 
felix­femina), New York fern 
(Thelypteris noveboracensis) 
42.346 ˚N 76.162˚W 
Silvery spleenwort (Deparia 
acrostichoides), Evergreen wood fern 
(Dryopteris intermedia), Marginal fern 
(Dryopteris marginalis), Spinulose fern 
(Dryopteris carthusiana) 
Tubbs Hill Rd. Berkshire, NY 
42.346 ˚N 76.162˚W 
7/10/2011 
Horsetail (Equisetum variegatum)  6 km SW of Cortland. 
42.448˚N  76.229˚W 
8/30/2011 
 
Sample processing and extraction. Large samples (whole fish, plant material) were cut 
into small pieces (~1 cm) with kitchen shears and placed into a coffee grinder with a 
similar amount of dry ice pellets. The samples were ground to a coarse powder.  The 
sample was then placed in a freezer bag and the dry ice was allowed to sublimate either 
slowly in a freezer or rapidly at room temperature. Once relatively free of dry ice, as 
determined by the loss of the white texture of the sample and by the presence of moisture, 
approximately 1 gm of powdered sample was suspended in 2.5 times (weight‐to‐volume) 
of 100 mM phosphate buffer, pH 6.5. After vortexing, and allowing large pieces to settle, the 
supernatant was transferred to a clean microcentrifuge tube and centrifuged at 16,000 g 
for 10 minutes. Cloudy supernatant was centrifuged again through a Pierce centrifuge 
column (89868).  
Smaller samples (fish organs, zebra mussels, crayfish) were homogenized in buffer 
using a Tissuemiser (Fisher Scientific). The homogenate fluid was then clarified by 
centrifugation twice, as described above.  
Very small and soft samples (silkworms, zebra mussels) were ground in 2.5 times 
volume of phosphate buffer with a 1.5 ml microcentrifuge tube and pestle (USA Scientific). 
This mixture was clarified with centrifugation as above.  
Small samples that were not easily homogenized with a plastic pestle (zooplankton) 
were added, with a small amount of buffer, to a 2 ml screw cap tube with an equal volume 
of zirconia/silica beads (BioSpec Products) and processed with a mini‐beadbeater 
(BioSpec) for 3 minutes. Tubes were centrifuged as above.  
 
4­NTP thiaminase I assay.  
  Thiaminase activity is measured by the disappearance of a colored cosubstrate of 
thiaminase I as it is used to split thiamine.  
All chemicals were purchased from Sigma‐Aldrich except Tris(2‐carboxyethyl) 
phosphine hydrochloride (TCEP) which was purchased from Soltec Ventures.  The 
preparation of reagents was as described in Honeyfield et al. 2010 (29) with modifications. 
Briefly, TCEP buffer (100 mM NaCl; 50 mM phosphate buffer, pH 6.9; 10 mM TCEP) was 
placed on ice and bubbled with O2‐free nitrogen for 15 minutes, then used immediately. 4‐
nitrothiophenol (4‐NTP) was added to a concentration of 200 µM by first creating a stock 
solution of 3 mg/ml in DMSO followed by dilution with the proper amount of buffer. The 
solution was split into two portions, one with added thiamine (to 400 µM) as the 
experimental solution and one with simply added buffer as the control solution. 96‐well   10 
microtiter plates were loaded in either a 12‐sample or 24‐sample format. The 12‐sample 
format provided 4 replicates of experimental and control wells, with a sample being loaded 
down an entire column. The 24‐sample provided only two replicates of each. The wells of 
the plate were filled with 97 µl of solution using a multi‐channel pipette. Half consisted of 
the experimental solution and half of the control. 3 µl of sample to be tested for thiaminase 
activity was then added individually to each well. The plate was immediately placed in 
Powerwave XS2 platereader (BioTek), which was preheated to 37˚C while the plate was 
being prepared.  
The plate reader was programmed to maintain a temperature of 37˚C throughout 
the assay. Absorbance was read at 411 nm to record the disappearance of the yellow 4‐NTP 
cosubstrate. Readings were taken every minute over the course of 1 hour. Pathlength 
correction was used to determine absorbance for a 1 cm path length.  
 
Data analysis. The plate reader Gen5 software (BioTek) was set to determine the 
maximum velocity of absorbance degradation of cosusbtrate over an interval of 10 of the 
60 time points. These values were averaged for replicate wells. To correct for non‐
enzymatic degradation of 4‐NTP, the mean velocity of the control wells (without thiamine) 
for each sample was subtracted from the mean velocity of the experimental wells. Change 
in absorbance was converted into a rate of 4‐NTP degradation using its extinction 
coefficient in TCEP, 13,650 M‐1 cm‐1. For samples with a low raw activity (0.25 µM thiamine 
degraded/min or less) but over a minimum threshold raw value (0.5 µM thiamine 
degraded/min), the maximum velocities of the control wells and experimental wells were 
evaluated using a Student’s t‐test. A P‐value greater than 0.05 was interpreted as a sample 
with no thiaminase I activity. For calculation of an activity measurement per gm of sample, 
the amount of grams originally added is divided by the amount of buffer plus the weight of 
the original sample (usually 1 gm/ 1 gm + 2.5 gm [ml]) which is then multiplied by the 
volume of prepared sample added to the assay (0.003 ml).  The activity measure (µM/min) 
is then divided by this value to obtain one in µM thiamine degraded min‐1 gm‐1 of sample.  
Bacterial culture supernatant samples are considered to be undiluted and use a 1 gm/ 1 ml 
factor which is multiplied by the amount of sample added to the assay (0.003 ml). Activities 
were also calculated in units of mol/min/g by multiplying by the volume of the reaction 
mixture (0.1 ml) to standardize between different volumes of the assay mixture in use in 
different laboratories.  
 
Silkworm rearing. 50 medium‐sized silkworms were reared in a screened cage and every 
day fed silkworm food consisting of ground mulberry leaves (purchased from 
silkwormshop.com). Worms were assessed and the cage was cleaned daily.  Dead 
silkworms were first preserved in a ‐20˚C freezer and later preserved in ethanol and in a ‐
20˚C freezer. Silkworm dissections were performed under a dissecting microscope with 
small scissors and forceps.  P. thiaminolyticus supernatant was mixed with silkworm food 
and fed to a subset of the silkworms.  
 
Bracken fern herbivore rearing. Insects collected on bracken fern were reared in the 
laboratory. Sawflies and an inchworm were reared in petri dishes with bracken fern 
changed regularly. Wooly worms (Pyrrharctia isabella: Class Insecta, Order Lepidoptera) 
were reared from eggs laid on bracken fern collected on 7/8/2011.  The insects were first   11 
reared on bracken fern, in a petri dish but after substantial growth were moved to glass 
jars. The larvae were split into two treatments, one in which the diet continued to consist of 
bracken fern and one in which the diet changed to plantain. The hemolymph of final instar 
wooly worms from both diets was extracted using a syringe and needle after three months 
of growth (10/5/2011). Frass, or insect excrement, from all reared insects was collected, 
homogenized and assayed for thiaminase I.  
 
RESULTS 
 
Putative thiaminase I sequence tree. Recent advances in genome sequencing have been 
revealing a wide range of bacteria with genes matching thiaminase I.  A BLAST search with 
the protein sequence of thiaminase I from P. thiaminolyticus revealed a clade of 
Burkholderia spp. (Betaproteobacteria) that have putative thiaminase I‐coding genes, 
including the highly pathogenic Burkholderia pseudomallei. Recognizing the presence of the 
active site cysteine residue and of several tryptophan residues, which are important in 
stabilizing the active site in putative thiaminase I proteins, has been used as method to 
provide additional guidance in identifying likely thiaminase producers from those protein 
sequences which may match decently well but lack these reisdues (30). These thiaminase 
protein sequences include sequences from two other Firmicutes (Megasphaera elsdenii, a 
rumen bacterium, and Paenibacillus dendritiformes, a close relative of P. thiaminolyticus) 
three Deltaproteobacteria (Myxococcus fulvus, Stigmatella aurantiaca, and Haliangium 
ochraceum), two Alphaproteobacteria (Labrenzia alexandrii, and Bradyrhizobium 
japonicum), one Gammaproteobacterium with a moderate similarity (Xenorhabdus 
nematophila), and two cyanobacteria (Lyngbya majuscula, and a Cyanothece sp.). Of 
particular interest are Lyngbya majuscula which is known for its production of numerous 
toxins and Xenorhabdus nematophila which is a symbiont in entomopathogenic nematodes 
in which it helps the host by producing virulence factors to overcome the defense of the 
insect and, once the insect is subdued, produces antimicrobial compounds to prevent the 
growth of other organisms that might rot and consume the corpse (31,32). After this set of 
bacteria, the percent similiarity of other protein sequences to thiaminase I becomes 
negligible and proteins do not contain the residues important in thiaminase I activity. A 
BLAST search also returns a match for the only known non‐bacterial producer of 
thiaminase I, Naegleria gruberi a close relative of the facultatively parasitic brain‐eating 
amoeba N. fowleri. A tree of protein sequences of thiaminase I proteins from most of these 
organisms (all from chromosomal DNA and not plasmid DNA) is shown with N. gruberi 
positioned as an outgroup (Figure 2). 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Overlay assay on bacteria. In a first attempt to determine if a bacterium with a sequence 
matching thiaminase I actually expressed a detectable thiaminase I enzyme, B. 
thailandensis was ordered from the ATCC. B. thailandensis is a gram‐negative bacterium 
and has a completely different cell membrane structure and method of secretion than the 
gram positive bacteria P. thiaminolyticus and C. sporogenes that were previously 
determined to secrete thiaminase I. We therefore considered that confirming thiaminase 
production in a Proteobacterium would be notable. First, B. thailandensis was grown on 
solid media and tested with an overlay plate assay along with the known thiaminase 
producer P. thiaminolyticus as a positive control. Several media were tested and TSA was 
found to give the most consistent results for both P. thiaminolyticus and B. thailandensis 
and was thus used as our standard medium for thiaminase testing (data not shown). It was 
determined that growth temperature influenced whether or not thiaminase activity was 
visible from a B. thailandensis colony (Figure 3). B. thailandensis appeared to only produce 
Figure 2.  Protein sequences were retrieved from NCBI and aligned with MAFFT. A consensus 
phylogenetic tree was constructed using a parsimony analysis in PAUP* v. 4.0a122. Naegleria 
gruberi was selected as an outgroup. Asterisks indicate organism with confirmed activity.   
 
Bacillus Thiaminolyticus
Paenibacillus thiaminolyticus
Clostridium botulinum A str. ATCC 3502
Clostridium botulinum A2 str. Kyoto]
Clostridium botulinum H04402 065]
Clostridium botulinum B1 str. Okra]
Clostridium botulinum F str. Langeland]
Clostridium botulinum NCTC 2916
Clostridium botulinum Bf
Clostridium botulinum A3 str. Loch Maree
Clostridium sporogenes ATCC 15579
Cyanothece sp. PCC 7424
Burkholderia pseudomallei K96243
Burkholderia pseudomallei 668
Burkholderia pseudomallei 576
Burkholderia pseudomallei 305
Burkholderia pseudomallei MSHR346
Burkholderia pseudomallei 1710a
Burkholderia pseudomallei 112
Burkholderia pseudomallei 91
Burkholderia pseudomallei 1710b
Burkholderia pseudomallei S13
Burkholderia pseudomallei 7894
Burkholderia pseudomallei B7210
Burkholderia pseudomallei DM98
Burkholderia pseudomallei 14
Burkholderia pseudomallei NCTC 13177
Burkholderia pseudomallei 9
Burkholderia thailandensis MSMB43
Burkholderia thailandensis E264
Burkholderia thailandensis TXDOH
Burkholderia oklahomensis EO147
Burkholderia glumae BGR1
Lyngbya majuscula 3L
Megasphaera elsdenii DSM 20460
Labrenzia alexandrii DFL-11
Stigmatella aurantiaca DW4/3-1
Myxococcus fulvus HW-1
Haliangium ochraceum DSM 14365
Stigmatella aurantiaca DW4/3-12
Naegleria gruberi
Strict consensus tree
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and secrete the enzyme at lower growth temperatures, while thiaminase activity was found 
in P. thiaminolyticus in a variety of culture conditions.   
4­NTP assay and minimum detection level evaluation. In order to quantify the 
amount of thiaminase activity present at various conditions, we adapted a 4‐NTP 
photometric assay into a plate reader format (15). This assay exploits the promiscuity of 
the thiaminase enzyme and provides a high‐affinity, yellow basic nucleophile which acts as 
one of two substrates (the other being thiamine). The disappearance of this colored 
substrate is measured and used to estimate the thiaminase activity in a sample. This assay 
requires liquid samples, therefore bacteria were grown in broth culture. We attempted to 
determine the lower limit of detection with this thiaminase assay using ten 1:1 serial 
dilutions of a one‐day old P. thiaminolyticus culture (Figure 4).  In this figure, green circles 
represent raw activity measures (0.25 µM of thiamine/ degraded/min or 8.33 nmol of 
thiamine degraded/min/gm in this case) that are considered to have thiaminase activity i.e. 
the difference in maximum velocity of wells with thiamine and without thiamine were 
substantially different. Blue dots represented values that were subjected to a Student’s t­
test to determine whether the maximum velocity of wells with thiamine (where thiaminase 
cleavage of thiamine would occur) were statistically different from wells without thiamine. 
In the lower panel (in which logs values were plotted), P‐values from these t‐tests are 
provided, and the fitted line is representative of the expected activity measurement for 
each dilution. The last dilution in the series does not fall onto the line and also it failed the 
t‐test (i.e. would be considered to be zero). The expected activity measurement of this last 
dilution is found to be 1.2 nmol of thiamine degraded/min/gm or a raw value of 0.04 µM of 
thiamine degraded/min using the equation of the fitted line. Since the penultimate dilution 
appears to be accurate with an activity of 2.3 nmol of thiamine degraded/min/gm or a raw 
activity value of 0.07 µM of thiamine degraded/min, we consider our assay to have 
sensitivity down to that value. We chose a raw activity value of 0.05 µM of thiamine 
degraded/min (a round number in between 0.04 µM thiamine degraded/min value at 
which our assay failed to accurately measure and the 0.07 µM thiamine degraded/min 
value which our assay measured accurately) to designate the lowest possible raw activity 
that this assay technique can potentially determine and that measured values below that 
level were considered to have an activity of zero.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Thiamine overlay plate assay. A. Plate grown at 37˚C showing thiaminase I production 
by P. thiaminolyticus but not by B. thailandensis. B. Plate grown at 30˚C demonstrating thiaminase I 
production in both bacteria with a larger halo of thiamine degradation seen around P. 
thiaminolyticus. C. Plate grown at 23˚C with nearly equal amounts of thiaminase I produced by the 
two bacteria. 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Screening of bacteria for thiaminase activity and culture conditions for 
maximum production. Having determined a protocol for running the photometric 
thiaminase assay, we started culture experiments. Using the results from the overlay assay, 
we grew P. thiaminolyticus (at 37˚C) and B. thailandensis (at 30˚C) each at five different pHs 
(Figure 5 and 6) and measure optical density (OD) and an end point thiaminase activity 
reading.  P. thiaminolyticus showed a proclivity for growth higher pHs and did not grow at 
pH 5 or pH 6 while B. thailandensis grew at all pHs tested.  P. thiaminolyticus showed a peak 
of thiaminase  expression at pH 7.5 (near the pH of unadjusted TSB: 7.3) while B. 
thailandensis only showed thiaminase activity at lower pHs, with the highest activity levels 
at pH 5. Cultures for B. thailandensis were unintentionally unshaken from day 1 to day 2, 
which was later determined to be necessary for thiaminase activity to be present in these 
conditions.  
  After several attempts to grow B. thailandensis at the same conditions and failing to 
see any thiaminase activity unless an unshaken interval was included, we reevaluated 
growing conditions for B. thailandensis to determine which conditions resulted in 
reproducible thiaminase activity. We grew B. thailandensis in replicate cultures at two 
different temperatures (23˚C and 37 ˚C) and at two different pHs (5 and 7.3) in replicate 
cultures with OD readings and thiaminase readings taken every day (Figure 7). No activity 
was detected at 37°C. At pH 7.3 and 23˚C, thiaminase activity was only detected on the first 
day. Thiaminase activity was consistently detected over the entire incubation when  
Figure 4. A dilution 
series of supernatant 
from a one‐day old P. 
thiaminolyticus 
culture. The upper 
graph shows 
individual activity 
measures for each 
dilution plotted vs. 
their concentration 
on a logarithmic 
scale. The lower 
graph plots the log of 
the points in the first 
graph with a fitted 
line drawn 
approximating the 
expected thiaminase 
activities for each 
dilution. The four 
blue points were 
statistically evaluated 
with a Student’s t‐test 
and their P‐values are 
shown next to the 
points (values in 
green are < 0.05 and 
are considered 
statistically different, 
values in red are > 
0.05 and are not 
considered 
statistically 
different). 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Figure 5. The optical density over three days and an end point thiaminase activity (on day 3) for 
three P. thiaminolyticus cultures grown aerobically at 37˚C in TSB at pH 7, pH 7.5, and pH 8 are 
shown. P. thiaminolyticus did not grow in pHs tested below 7. The thiaminase reading for P. 
thiaminolyticus of grown at pH 8 was zero but the bar is shown for clarity. 
 
Figure 6. The optical density over three days and an end point thiaminase activity (on day 3) for 
three B. thailandensis cultures grown aerobically at 30˚C in TSB at pH 5, pH 6, and pH 7 are shown. 
B. thailandensis grew at pHs above 7 but did not exhibit any thiaminase activity. Cultures went 
unshaken unintentionally from day 1 to day 2. 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growing B. thailandensis in pH 5 TSB at 23 ˚C, which became the standard condition for 
growing B. thailandensis. 
  P. thiaminolyticus has several close relatives that are insect pathogens (33). In order 
to explore the hypothesis that thiaminase may have a role in pathogenesis, we ordered P. 
larvae which causes American foulbrood in honey bees (34), P. popilliae and P. lentimorbus 
which cause milky disease in Japanese beetles (35), P. alvei which was isolated from 
diseased honeybee larvae (36) and P. apiarius isolated from healthy honeybees (37).  
Despite several attempts, P. larvae and P. popilliae were never recovered from lyophilates 
and instead these appeared to be contaminated by other bacteria but we were successful in 
growing the other three species. We grew all three in TSB at 37˚C and took thiaminase 
readings for three days and an end point OD reading with three replicate cultures (Figure 
8).  P. lentimorbus and P. alvei showed no thiaminase activity over three days despite 
growth in the media (substantial for P. alvei and less so for P. lentimorbus). P. apiarius 
showed thiaminase activity at these conditions over all three days, as did P. thiaminolyticus 
(as expected). No thiaminase activity was observed in an additional experiment with P. 
alvei and P. lentimorbus grown in JB media shaken at 30˚C with samples taken every day for 
three days. 
  After finding that P. apiarius produced thiaminase, we evaluated whether the 
expression of the enzyme was dependent on pH as was observed with P. thiaminolyticus 
and B. thailandensis. We grew P. apiarius at a range of pHs and took OD readings and 
thiaminase readings every day for three days for two replicate cultures (Figure 9). P. 
apiarius showed a greater tolerance of pHs than did P. thiaminolyticus, but did not indicate 
a clear trend for a specific pH at which thiaminase was maximally expressed.  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The optical density and thiaminase activities over three days of B. thailandensis 
cultures grown aerobically in TSB at four different temperature and pH treatments are shown. 
Error bars show the standard deviation of two replicate cultures. 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Figure 8. Thiaminase activities over three days and an end point optical density reading of four 
Paenibacillus sp. grown aerobically at 37˚C in TSB are shown. Error bars show the standard 
deviation of three replicate cultures. Thiaminase activities of P. lentimorbus and P. alvei over all 
three days were zero but bars are shown for clarity.  
 
Figure 9. The optical density and thiaminase activities over three days of P. apiarius cultures grown 
aerobically  at 37˚C in TSB at 6 different pHs are shown. Error bars show the standard deviation of 
two replicate cultures. 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After some success at finding thiaminase activity in organisms using gene sequences 
matching thiaminase, we sought to determine whether thiaminase was produced by the 
protozoan Naegleria gruberi. The diphasic amoeba N. gruberi was ordered from the ATCC 
and grown and harvested as described in the methods. Results from three replicate 
cultures show that thiaminase produced by this amoeba is present in the lysate (287.8 ± 39 
nmol of thiamine degraded/min/gm) but not in the supernatant of the culture.   
Evaluation of physiological hypotheses of thiaminase. Based upon preliminary 
evidence that the thiaminase of P. thiaminolyticus may be resistant to silkworm gut 
proteases (discussed below), we evaluated whether thiaminase produced by P. 
thiaminolyticus might be resistant to proteases by subjecting the protein to a proteinase K 
digestion.  We also subjected thiaminase produced by B. thailandensis to the same 
digestion. While the thiaminase produced by P. thiaminolyticus appeared to be unaffected 
by the proteinase K digestion (72 nmol of thiamine degraded/min/gm in the control 
compared to 73.66 nmol of thiamine degraded/min/gm in the proteinase K digested 
treatment), the thiaminase of B. thailandensis appeared to be affected by one of the 
conditions used for the proteinase K digestion but not the proteinase K itself (pH 
adjustment, 37˚C incubation, or addition of PMSF). Further experiments found that the 
thiaminase activity disappeared upon adjusting the pH 5 media in which the thiaminase of 
B. thailandensis had accumulated over three days to the necessary pH of 7.5 for proteinase 
K digestion.  
In an effort to show that the proteinase K was active in the digestion, we ran a 
protein gel of the control and experimentally digested sample of P. thiaminolyticus (Figure 
10). Every band observed in the control sample also appeared in the experimentally 
digested sample, which is not what would be expected if the proteinase K were actively 
digesting proteins. The thiaminase of P. thiaminolyticus has a molecular weight of 42 kD 
and does not appear to be visible on this protein gel.   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. A 
protein gel of a 
proteinase K 
digested 
concentrated 
supernatant sample 
with a control not 
digested with 
proteinase K. 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Testing more directly for evidence of Hypothesis 2, we did a preliminary experiment to 
test if the presence of thiaminase in the media acted to decrease the fitness of the 
bacterium B. subtilis. We grew B. subtilis in two types of media (one consisting of 50% 
former P. thiaminolyticus media and 50% fresh TSB, one consisting of 50% former B. 
subtilis media and 50% fresh TSB) and monitored the OD. 
TABLE 3. Optical densities of B. subtilis cultures grown with media 
composed of 50% TSB supernatant from former bacterial cultures.   
OD 
Time after 
inoculation  P. thiaminolyticus 
supernatant 
B. subtilis 
supernatant 
0 hours  0.082  0.085 
3 hours  0.33  0.376 
24 hours  0.92  0.916 
 
The presence of thiaminase in the medium did not appear to affect the growth of B. 
subtilis in this preliminary experiment as the ODs between the two treatments were very 
similar except for after 3 hours (Table 3).  
We evaluated thiaminase expression in the presence of varying concentrations of 
thiamine in P. thiaminolyticus to confirm the finding of Wang et al. (1968). We grew P. 
thiaminolyticus in five concentrations of thiamine in TSB at 37 ˚C and monitored OD and 
thiaminase activities every day for three days in two replicate cultures (Figure 11).  Growth 
did not seem to be affected by thiamine concentrations but the thiaminase activity of the 
culture with the highest thiamine concentration (5 mM) was much lower than other 
cultures. To test if thiamine repressed thiaminase production in other bacteria, which 
might suggest a general role of this enzyme in thiamine synthesis, we conducted the same 
experiment for three other bacteria and the amoeba N. gruberi. B. thailandensis, cultures 
were grown at pH 5 at 23˚C, conditions previously shown to produce consistent thiaminase 
activities by this bacterium (Figure 12). Thiaminase activity again appeared to be 
repressed by higher levels of thiamine in the media with a substantial reduction at a 
thiamine concentration of 50 µM and a complete reduction at a concentration of 500 µM. 
With P. apiarius grown in TSB at 37˚C thiaminase expression was repressed at thiamine 
concentrations of 500 µM or higher, and thiaminase activity showed a strong correlation 
with OD in all other cultures (Figure 13).  The anaerobic thiaminase producer C. sporogenes 
was examined in the same manner grown anaerobically in TSB at 37˚C (Figure 14). Growth 
occurred in all cultures although ODs were not measured. Thiaminase repression was 
observed at thiamine concentrations of 50 µM or higher. Finally the same experiment was 
conducted with Naegleria gruberi in ATCC medium 803 M7 at room temperature over nine 
days in two replicate cultures (Table 4). Since cells need to be lysed to release thiaminase, 
only end point activities were recorded. These thiaminase activities indicated that 
thiaminase production by this organism was not repressed by tested thiamine levels. 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Figure 11. The optical density and thiaminase activities over three days of P. thiaminolyticus 
cultures grown aerobically in TSB at 37˚C at five different thiamine concentrations are shown. 
Error bars show the standard deviation of two replicate cultures.  
 
Figure 12. The optical density and thiaminase activities over three days of B. thailandensis 
cultures grown aerobically in TSB pH5 at 23˚C at five different thiamine concentrations are shown. 
Error bars show the standard deviation of two replicate cultures. 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Figure 13. The optical density and thiaminase activities over three days of P. apiarius cultures 
grown aerobically in TSB at 37˚C at five different thiamine concentrations are shown. Error 
bars show the standard deviation of two replicate cultures.  
 
Figure 14. The thiaminase activities over three days of C. sporogenes cultures grown 
anaerobically in TSB at 37˚C at five different thiamine concentrations are shown. Error bars 
show the standard deviation of two replicate cultures. 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TABLE 4. Naegleria gruberi at varying thiamine concentration 
Thiamine 
concentration 
Thiaminase activity (nmol of thiamine 
degraded/min/gm) 
5 mM thiamine  262.52 ± 34.96 
500 µM thiamine  202.93 ± 5.96 
50 µM thiamine  287.87 ± 6.9 
5 µM thiamine  298.45 ± 32.5 
No thiamine added  313.3 ± 41.6 
 
Metazoan sampling and thiaminase experiments. In order to more closely examine 
potential associations between bacterial producers of thiaminase and animals with 
thiaminase activity we attempted to isolate thiaminase‐producing bacteria from alewives 
as described in the methods. Only one colony out of several thousand tested was found to 
produce thiaminase and this isolate was found to be P. thiaminolyticus. 
We evaluated metazoan organisms for thiaminase activity by assaying specific 
tissues to determine where thiaminase was localized. In the individual American shad 
(family Clupeidae) dissected, the spleen had the greatest activity, with the intestinal tract 
and liver showing high activities and moderate activities from every other organ except the 
stomach, which had no activity (Figure 15).  Individual hickory shad (family Clupeidae) 
exhibited a different pattern, with lower activities than the American shad and great 
variation found in replicate samples of stomach tissue (Figure 16).  
We conducted surveys of thiaminase activity within other fish species. Evaluations 
of ten individual rainbow smelt show the substantial variability found within individuals 
from a single species collected from the same lake on a given sampling date (Figure 17). 
Thiaminase was measured within a variety of fish species collected from a single stream 
location on the same date, with no thiaminase found in two members of the family Percidae 
(tessellated darter and fantail darter) and measureable levels found in seven species of the 
family Cyprinidae (blacknose dace, central stone roller, common shiner, creek chub, cutlips 
minnow, fallfish, longnose dace) (Figure 18). Guppies (family Poecilidae) did not exhibit 
any thiaminase activity while alewives (family Clupeidae) were found to have high 
thiaminase activity (Table 7). Thiaminase activity was also measured and found in two 
cyprinids: goldfish, which are easy to rear and have a very high level of thiaminase activity, 
and zebrafish, which are model organisms that have been sequenced.  
TABLE 5.  Fish survey 
Fish 
Whole fish or 
organ 
Replicates 
Thiaminase Activity  (nmol of thiamine 
degraded/min/gm) 
Alewife  whole  4  100.16 ± 11.9 
Guppy  whole  8  0 
Goldfish  whole  1  272.4 
Goldfish  GI tract  1  671.7 
Goldfish  viscera  1  497.13 
Zebrafish  whole  33  21.4 ± 20 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Figure 15. The 
thiaminase 
activities of organs 
from an individual 
American shad are 
shown. Error bars 
represent standard 
deviations of 
duplicate 
extractions except 
the upper intestine 
which has four 
replicates. 
 
Figure 16. The 
thiaminase 
activities of organs 
from an individual 
Hickory shad are 
shown. Error bars 
represent standard 
deviations of 
duplicate 
extractions except 
the caeca and liver 
which have four 
replicates. 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Figure 17. The 
thiaminase 
activities of ten 
whole rainbow 
smelt are show. 
Error bars 
represent standard 
deviations of three 
replicate 
extractions. 
 
Figure 18. The 
thiaminase activities 
of whole fish samples 
of various species 
from Fall Creek are 
shown. Error bars 
represent standard 
deviations of three 
whole fish except 
blacknosed dace and 
tesselated darter 
each with four fish, 
creek chub with five 
fish, white sucker 
with twelve fish, and 
cutlips minnow with 
thirteen fish. 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 In an attempt to determine when thiaminase activity appears in the ontogeny of a 
fish species, we conducted a survey of reared juvenile pacific herring from the 
Marrowstone lab at Washington State from immediately after yolk sac disappearance for 
every two weeks until twelve weeks from disappearance.  None of these fish had any 
detectable thiaminase activities. Adults from this reared population were then tested and 
these were also determined to not have thiaminase activity. We also obtained cell cultures 
of pacific herring cells and tested these for thiaminase activity to see if axenic herring cells 
themselves produced thiaminase activity, and no thiaminase activity was found.  
  Thiaminase in zooplankton and in zebra mussels had been reported in the literature 
(38, 39) so we assessed thiaminase activity in these organisms.  Thiaminase was found in 
zebra mussels, but not in the zooplankton samples evaluated (Table 6).  
 
TABLE 6. Thiaminase activity of zooplankton and zebra 
mussels 
Organism 
Size 
fractionation 
Replicate 
Thiaminase 
activity (nmol of 
thiamine 
degraded/min/gm) 
Zooplankton  > 300 µm  2  0 
Zooplankton  165‐300 µm  2  0 
Zooplankton  75‐165 µm  2  0 
Zebra 
Mussels 
N/A  3  80.11 ± 21.01 
 
The domestic silkworm Bombyx mori, a sequenced organism had been reported to 
have thiaminase activity (40) and an attempt to find the localization of the protein in the 
silkworm was undertaken as described in the methods. Dissections were performed and 
specific organs tested are shown in Figure 19.  No thiaminase activity was found in any of 
the silkworms tested (Table 7). 
TABLE 7.  Thiaminase activity of silkworms  
Stage 
Whole or 
organ 
Replicate 
Thiaminase activity (nmol of thiamine 
degraded/min/gm) 
larvae  whole  21  0 
larvae  gut  8  0 
larvae 
genital 
glands 
2  0 
pupa  whole  1  0 
Reports of silkworms absorbing an intact protein (urease) from mulberry leaves 
and of non‐specific absorption of proteins in other insects (41, 42) suggested a plausible 
method for sequestration of a bacterial enzyme for use by an insect. To determine if 
silkworms would absorb an intact thiaminase protein, P. thiaminolyticus supernatant was 
mixed with silkworm food (see Methods). No thiaminase activity was found outside of the 
gut of any silkworms fed bacterial thiaminase; however, frass of these silkworms contained 
active thiaminase (Table 10).    26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bracken fern is an abundant fern found locally near Ithaca and is known to have 
thiaminase activity, presenting an opportunity to collect and dissect bracken fern tissue to 
see where thiaminase activity was localized. Thiaminase activity was localized to the 
primary and secondary rhizome tissue except for the vasculature of the primary rhizome 
(Figure 20). We also evaluated the presence of thiaminase in several additional local fern 
species found near Ithaca (Table 8), then confirmed that thiaminase activity was mostly 
localized in the rhizome of Christmas fern, the one additional fern species found with 
detectable levels of thiaminase (Figure 21).  
 
 
 
 
Figure 19. A. 
Dissected 
silkworm 
showing large 
silk glands 
overlying 
intestine that 
develop in 5th 
instar. B. 
Dissecting 
scope image of 
silk glands, sg. 
C. Dissecting 
scope image of 
intestine after 
silk glands have 
been removed 
showing 
Malpighian 
tubules, mt. D. 
Image showing 
removed silk 
glands and 
intestine 
moved out of 
the way to 
show the 
position of the 
genital glands, 
gg. E. Close up 
dissecting 
scope image of 
genital glands. 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Figure 20. The 
thiaminase 
activities of 
tissues from 
bracken fern are 
shown. Error 
bars represent 
standard 
deviations of 
three replicate 
extractions. 
 
Figure 21. The 
thiaminase 
activities of 
tissues from 
Christmas fern 
are shown. Error 
bars represent 
standard 
deviations of 
three replicate 
extractions. 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TABLE 8. Fern survey for thiaminase activity 
Species  Tissue  Replicates 
Thiaminase activity (nmol of 
thiamine degraded/min/gm) 
Christmas fern  rhizome  3  35 ± 1.2 
Christmas fern  fine roots  3  7 ± 12.12 
Cinnamon fern  rhizome  3  0 
Cinnamon fern  fine roots  3  0 
Lady fern  rhizome  3  0 
Lady fern  fine roots  3  0 
Interrupted fern  rhizome  3  0 
Interrupted fern  fine roots  3  0 
Sensitive fern 
fine roots and 
rhizome 
3  0 
Hay scented fern  rhizome  3  0 
Hay scented fern  fine roots  3  0 
New York fern 
fine roots and 
rhizome 
3  0 
Silvery spleenwort  fine roots  3  0 
Evergreen wood 
fern 
fine roots  3  0 
Marginal fern  fine roots  3  0 
Spinulose fern  fine roots  3  0 
 
 
Thiaminase activity was also found in local horsetails (Equisetum variegatum), 
which has also been reported in the literature (9)(Table 9). 
 
TABLE 9. Horsetail 
Species  Tissue  Replicate 
Thiaminase activity (nmol of thiamine 
degraded/min/gm) 
Variegated 
horsetail 
stem  3  5.1 ± 4.43 
 
 
Several insects were found on bracken fern during collections and are shown in 
Figure 22. These organisms were reared in the laboratory with the wooly worms 
(Pyrrhactia isabella) being split into two treatments as described in methods.  The finding 
of active thiaminase protein in the frass of these organism seems to indicate that 
thiaminase in P. thiaminolyticus and in bracken fern is resistant to insect gut proteases. The 
hemolymph of wooly worms on a diet of both treatments were also tested for thiaminase 
and the results were negative for all seven wooly worms fed bracken fern and for all six 
wooly worms fed plantain (Table 10: note that these measurements are not on a per gm 
basis).    29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 10. Thiaminase activities of frass from insects fed a diet containing thiaminase 
Organism  Diet 
Thiaminase activity (nmol of 
thiamine degraded/min) 
Silkworm 
mulberry leaf derived food mixed 
with P. thiaminolyticus culture 
0.047 
Sawfly  bracken fern  0.074 
Inchworm  bracken fern  0.062 
Wooly 
worm 
bracken fern  0.035 
Wooly 
worm 
plantain  0 
 
DISCUSSION 
 
Putative thiaminase I sequence tree. The gene for thiaminase I and putative 
thiaminase I genes are distributed widely in the bacteria and also found in the genome of a 
microbial eukaryote, Naegleria gruberi. Looking at the tree of thiaminase proteins in Figure 
2, it appears some evolutionary clades of organisms seem to have similar thiaminase 
proteins (Paenibacillus + Clostridium, Burkholderia spp., Deltaproteobacteria), suggesting a 
common ancestor for the thiaminase protein with several evolutionary losses of the gene 
encoding the protein among other lineages.  Other evolutionarily related organisms 
however, show dissimilar thiaminase enzymes (Cyanothece and Lyngbya, Megasphaera and 
the rest of the Firmicutes), perhaps suggesting horizontal transfer of the enzyme or the 
acquisition of a different function.  
Thiaminase of N. gruberi. The thiaminase produced by N. gruberi shows the 
greatest differences from the thiaminases produced by thiaminase‐producing bacteria. The 
thiaminase produced by N. gruberi is not secreted and is instead present in the cell of the 
amoeba. Additionally, expression of thiaminase in this organism was not repressed by high 
concentrations of thiamine in the culture media (Table 4), as it was with all other 
thiaminase‐producing organisms. There is some evidence that thiaminase in the N. gruberi 
Figure 22. A. A tenthredinid sawfly found on bracken fern B. A geometrid caterpillar on 
bracken fern taken with 10x  magnification C. An early instar wooly worm caterpillar with 
shed skin nearby on skeletonized bracken fern leaf tissue taken with 20x magnification. 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genome is a laterally transferred gene which may explain its differential expression. The 
thiaminase gene in N. gruberi has no introns within it (like a bacterial gene) although an 
average rate of 0.7 introns per gene has been generally observed throughout the N. gruberi 
genome (43). Additionally more than 1% of genes in N. gruberi are candidates for 
horizontal transfer, which might be expected from a heterotrophic organism that ingests 
bacteria. The thiaminase gene in N. gruberi is located adjacent to a sequence coding for a 
transketolase protein with no stop codon in between, which might be expected of a 
randomly inserted laterally transferred gene. The genome of N. gruberi contains a second 
transketolase gene.  This redundancy may have allowed the microbe to tolerate insertion of 
the thiaminase coding sequence next to this essential gene.  Alternatively, the thiaminase 
protein in this organism may have a completely different function from the secreted 
thiaminase proteins found among bacteria.  
General conditions for thiaminase expression. In the characterization of 
thiaminase activity in different bacteria, I found that the environmental conditions that are 
optimal for the production of thiaminase vary for different bacteria tested.  These results 
seem to indicate the conditions which different bacteria may benefit by secreting a 
thiamine degrading enzyme is markedly different.  One bacterium, like B. thailandensis, 
may find it beneficial to produce a thiamine degrading enzyme solely at acidic pHs in low 
thiamine concentrations (perhaps more like its natural environment), when another, like P. 
thiaminolyticus, finds it most advantageous solely at neutral or slightly alkaline pHs. The 
different cell wall structures among gram‐negative and gram‐positive bacteria may also 
have an influence on the conditions under which enzymes are secreted.    
Physiological hypotheses of thiaminase. Previous reports describe this enzyme 
as being resistant to protease degradation (44,45).  If this is true, it provides some support 
for the idea that thiaminase could be produced in the gut of a host but not degraded. It also 
provides some evidence for a possible function as an antimicrobial compound or growth 
deterrent as outlined in Hypothesis 1.  I attempted to test protease resistance but further 
refinement of these tests is needed.  The apparent pH dependence of thiaminase 
production of B. thailandensis may explain the disappearance of thiaminase activity when a 
sample of supernatant at pH 5 was adjusted to pH 7.5 for a proteinase K digestion. Based 
on these results, it seems that the thiaminase of B. thailandensis is either unstable or 
inactive at pHs much higher than 5 or a native protease in the supernatant becomes active 
at these pHs and degrades the thiaminase protein.  This contrasts with the thiaminase of P. 
thiaminolyticus, which appeared to be protease and alkaline pH resistant after maintaining 
its ability to degrade thiamine after passing through the digestive tract of a silkworm.  
The conditions used for the proteinase K digestion do not seem to be digesting any 
of the secreted proteins present in the supernatant of P. thiaminolyticus including 
thiaminase. This likely occurred because either these other secreted proteins are protease 
resistant, or more likely because some factor is causing the proteinase to be non‐functional.   
The competition experiment designed to test the possibility of thiaminase as an 
antimicrobial compound was inconclusive. The only evidence we have to support this 
possible theory is preliminary evidence that the protein is protease resistant. Further 
experiments to test this theory are planned in the future.   
To explore our hypothesis that thiaminase I may contribute to disease from 
pathogenic microorganisms as outlined in Hypothesis 2, we looked for thiaminase activity 
in Paenibacillus species associated with insects.  The failure to find thiaminase activity in   31 
the insect pathogen P. lentimorbus and the insect associated P. alvei may have resulted from 
not growing the bacteria under the specific conditions that stimulate thiaminase 
production and activity in these organisms. The range of environmental conditions that 
may regulate thiaminase production present a challenge in determining whether a specific 
bacterial isolate produces this enzyme. Whole genome sequencing may be a more reliable 
approach in confirming thiaminase producers by first finding the presence of a thiaminase 
gene sequence and then determining secretion conditions.  While thiaminase activity was 
not detected in known pathogens, it was detected in P. apiarius which is not known to be 
pathogenic but is associated with bee larvae. The secreted thiaminase in this organism may 
deprive its host of thiamine and potentially make it more susceptible to disease under 
certain conditions. Other than this possibility, no evidence was found for a role of 
thiaminase in pathogenicity.  
The finding that thiaminase activity is nearly universally repressed by high 
concentrations of thiamine among different organisms provides a useful guide in 
determining its physiological function. It is likely that transcription of thiaminase is 
controlled by a thiamine‐binding riboswitch, as the gene is found in an operon of thiamine 
biosynthetic genes in the sequenced C. sporogenes and C. botulinum and other thiamine 
biosynthetic operons are regulated by a thiamine‐binding riboswitch (3). This sequence 
location supports Hypothesis 3 that thiaminase is involved in thiamine biosynthesis and is 
therefore not translated when it is not needed, such as in the presence of high levels of 
thiamine. It might be also be possible that thiaminase is not expressed in high thiamine 
concentrations because it would be a futile effort to cleave all thiamine present in a rich 
environment (to remove access from competitors) of a nutrient that is only needed in a 
relatively small amount.  
Metazoan organisms with thiaminase. Our search for an abundant thiaminase‐
producing bacterium in alewife was not successful. The isolation of only one thiaminase 
producer was not enough to explain the high levels of thiaminase activity in this organism. 
There are several factors that may have affected our ability to recover thiaminase 
producing bacteria from alewife. It is possible that the alewife fish itself produces 
thiaminase, or that bacteria are present that produce thiaminase but we were unable to 
culture them, or that the bacteria were cultured but not under specific conditions which 
stimulate production of thiaminase. 
Thiaminase I activity was found in zebrafish although the activity was low and 
variable between individuals. This is an important finding as zebrafish are a sequenced 
organism, and no protein encoded in the genome matches any known thiaminase protein. 
The domestic silkworm is another sequenced organism with supposed thiaminase activity 
with no apparent thiaminase protein in the genome although we were not successful in 
demonstrating thiaminase activity in these organisms. Eukaryotic organisms might 
produce a phylogenetically unrelated thiaminase  that has an independent origin and 
completely different gene sequence than any bacterial thiaminase.  However, thiaminases 
found in eukaryotes show the same requirement for a basic nucleophile and the ability to 
use multiple nucleophiles, which is unusual among enzymes, therefore an independent 
origin or structure seems unlikely. More likely, thiaminase in these disparate organisms are 
produced by bacteria within these organisms. 
Fern dissections found that root tissue especially rhizomes had the highest level of 
thiaminase present. The association of thiaminase activity with rhizome tissue of ferns also   32 
seems to indicate a possible bacterial origin of thiaminase. Recently a cyanobacterial 
nitrogen‐fixing symbiont that forms root nodules in cycads in Guam were found to produce 
a toxin which the plant sequestered in seed coats (46). Plant‐bacterial associations may be 
more widespread than assumed and several predicted thiaminase producers are soil 
bacteria or rhizobial symbionts. An enzyme such as thiaminase that may have been 
produced by rhizobial symbionts to outcompete other soil bacteria originally could have 
been hijacked by the plant which could sequester it in vulnerable leaf tissues as an 
additional chemical defense.  
The photometric assay we used was able to measure a wide range of thiaminase I 
proteins found in bacteria, protozoa, fish, mollusks, ferns, and horsetails. It is possible that 
the thiaminase protein in silkworms and zooplankton (which were measured but found to 
be negative for thiaminase activity with our assay) has a more specific basic nucleophile 
requirement which is not fulfilled by the 4‐nitrothiophenolate (4‐NTP) substrate provided 
in our assay. Other methods of assaying for thiaminase can be used to confirm or deny this 
hypothesis.   
The apparent protease resistance of bracken fern thiaminase to herbivorous insects 
is puzzling (Table 10). Sawflies are specialized herbivores on ferns and would be expected 
to have a counter defense for a vitamin‐degrading enzyme present in its only food source. 
Perhaps these organisms have a mechanism that inactivates the enzyme in the gut to allow 
enough thiamine for growth to be absorbed without degrading the protein.  Resistance of 
bracken fern thiaminase to less specialized herbivore proteases such as wooly worms was 
less puzzling, but the ability of these insects to grow to the final instar on such a diet was. 
Thiamine is known to be an important nutrient for insects (47) and hemolymph was 
extracted from the wooly worms to assay for thiamine levels for the bracken‐fed treatment 
and the plantain‐fed treatment. This hemolymph was tested for thiaminase activity and 
found to contain no detectable level, indicating that any thiamine present at the time of 
extraction should not have been degraded. This hemolymph will be assayed for thiamine 
activity in order to see if the ingested thiaminase had an effect on thiamine levels in these 
organisms.  
  Summary. Through these studies, we have made some progress into identifying the 
physiological function of thiaminase by exploring different properties of thiaminase and its 
expression. We have found that although different conditions may be required for different 
bacteria to express the enzyme, bacteria that we have tested repress enzyme production 
when high levels of thiamine are present. We have found preliminary evidence that 
thiaminase may also be resistant to proteases and have some function in organisms like P. 
apiarius that live within a host, which further tests will evaluate more thoroughly.  
Additionally we found some evidence of either an entirely separate function or of a 
horizontal gene transfer event of thiaminase from bacteria to Naegleria gruberi which may 
account for a differential expression profile of the enzyme (Table 4). We have also begun 
accumulating evidence that thiaminase in certain organisms is not endogenously produced 
but is bacterial in origin exemplified by the presence of a thiaminase in zebrafish but no 
apparent thiaminase gene in the zebrafish genome. We have also preliminarily established 
a model organism, the goldfish, which is extremely easy to rear and has high thiaminase 
levels which with controlled laboratory experiments may help provide an explanation for 
the variation of thiaminase activity among individual fish and demonstrate what conditions 
induce high thiaminase levels in these organisms.   33 
 
Future Plans 
Protease resistance of thiaminase I is likely an adaptation to prevent other 
organisms from degrading a protein which may be harmful to them. Further investigations 
into protease resistance of different thiaminases should be pursued. Introducing an easily 
digestible protein into a supernatant sample should clarify whether proteinase K is active 
in the conditions used. Once this is clarified, investigations into the protease resistance of 
other thiaminases would be made to see if they are also protease resistant to see if this 
adaptation represents a similar function among different proteins.  
More experiments that test the hypothesis that thiaminase production excludes 
bacterial competitors from thiamine resources should also be pursued.  A competition 
experiment in which B. subtilis and P. thiaminolyticus are grown together in a culture and 
then counted on spread plates would be informative. Furthermore, conducting the same 
experiment with a specific thiaminase inhibitor, 4‐amino‐2‐methyl‐6‐chloropyrimidine 
(30), would provide a contrasting and informative experimental condition. To prevent the 
inhibitor from interfering with thiamine metabolism, the thiaminase assay could be used to 
determine moles of thiaminase present in culture, and then an equimolar amount of 
thiaminase inhibitor could be added, confirming that thiaminase has been inhibited by 
repeating the thiaminase assay. Since the inhibitor would be specific for inhibiting 
thiaminase I ‐‐ and thiaminase I is extracellular ‐‐ and if only a specific amount of 
thiaminase inhibitor commensurate with the amount of thiaminase assayed was added, it 
would be expected that the inhibition will not interfere with intracellular enzymes that are 
associated with normal thiamine metabolism. An alternative approach is to develop a 
method to sequester the inhibitor to a surface, thereby preventing it from being taken up 
intracellularly and interfering with thiamine related enzymes. If fitness of P. thiaminolyticus 
is reduced, this will provide evidence for a fitness advantage purpose of the thiaminase 
enzyme. 
  To conclusively determine the origin of thiamine, we could attempt to purify and 
sequence the thiaminase I protein found in zebrafish samples. If this protein matches a 
protein encoded in the zebrafish genome, this would identify a novel eukaryotic 
thiaminase. On the other hand, if no similarity to the zebrafish genome was found, the 
enzyme must have been produced by a bacterial symbiont.  
  Another goal would be to influence thiaminase levels of metazoan animals in the 
same way that bacterial thiaminase levels can be influenced. We have found that goldfish 
have high thiaminase activities. These easily reared organisms are particularly suited for 
laboratory experiments. Antibiotics could be used to treat these organisms and see if 
thiaminase activity disappeared. Conditions responsible for manipulating thiaminase 
activities in goldfish could be used to inform problems with thiaminase production and fish 
mortality in natural ecosystems and help locate the source of thiaminase. 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